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The presynaptic protein �-synuclein (�-syn), particularly in
its amyloid form, is widely recognized for its involvement in
Parkinsondisease (PD). Recent genetic studies reveal thatmuta-
tions in the geneGBA are the most widespread genetic risk fac-
tor for parkinsonism identified to date.GBA encodes for gluco-
cerebrosidase (GCase), the enzyme deficient in the lysosomal
storage disorder, Gaucher disease (GD). In this work, we inves-
tigated the possibility of a physical linkage between �-syn and
GCase, examining both wild type and the GD-related N370S
mutant enzyme. Using fluorescence and nuclear magnetic reso-
nance spectroscopy, we determined that�-syn andGCase inter-
act selectively under lysosomal solution conditions (pH 5.5) and
mapped the interaction site to the �-syn C-terminal residues,
118–137. This �-syn-GCase complex does not form at pH 7.4
and is stabilized by electrostatics, with dissociation constants
ranging from 1.2 to 22�M in the presence of 25 to 100mMNaCl.
Intriguingly, the N370S mutant form of GCase has a reduced
affinity for �-syn, as does the inhibitor conduritol-�-epoxide-
bound enzyme. Immunoprecipitation and immunofluorescence
studies verified this interaction in human tissue and neuronal
cell culture, respectively. Although our data do not preclude
protein-protein interactions in other cellular milieux, we sug-
gest that the�-syn-GCase association is favored in the lysosome,
and that this noncovalent interaction provides the groundwork
to explore molecular mechanisms linking PD with mutantGBA
alleles.

Parkinson disease (PD)4 is an age-relatedmovement disorder
that features the accumulation and deposition of amyloids,
insoluble aggregates enriched in �-synuclein (�-syn), a small
(14 kDa) presynaptic protein of ill-defined function (1–4).
These classic PD neuropathologic aggregates, known as Lewy
bodies (LBs), are also associated with other neurodegenerative

disorders including dementia with LBs and multiple system
atrophy (4, 5). Three missense �-syn mutations, A30P, E46K,
and A53T (6–8), and gene duplications or triplications are
strongly associated with early-onset PD (9, 10), although the
specific pathogenic role of �-syn remains to be elucidated.
Because abnormally misfolded proteins and amyloid depos-

its are found in other neurodegenerative diseases such as
Alzheimer disease and prion encephalopathies (11), consider-
able research has focused at gaining molecular insights into
fibril formation (12–17) and biomolecules that stimulate/in-
hibit this process (18–21). For example, lipid-protein interac-
tions are of particular interest because�-syn localizes near syn-
aptic vesicles (2, 18) and is thought to act as a chaperone in
SNARE complex assembly, which is necessary for neurotrans-
mitter release from presynaptic vesicles (23). Potential �-syn-
mediated cytotoxicity of cellular targets such as mitochondria,
lysosomes, and other proteolytic machinery are being investi-
gated (3, 24, 25). It has been proposed that misfolded �-syn
conformers can overwhelm, and hence impair normal cellular
protein degradation pathways (26, 27).
In the past decade, several genes, including SNCA, PRKN,

PINK1, DJ-1, and LRRK2 (6, 28–31) have been identified that
cause parkinsonism. Mutations in SNCA and LRRK2 result in
autosomal dominant forms, pointing to gain-of-toxicity mech-
anisms involving �-syn and leucine-rich repeat kinase 2, the
two respective encoded proteins (6, 29). Moreover, emerging
data including clinical observations, neuropathologic evalua-
tions, family studies, and genetic analyses now point to a new
association betweenGBA, the gene encoding for glucocerebro-
sidase (GCase, also known as acid �-glucosidase), the enzyme
deficient in the lysosomal storage disorder Gaucher disease
(GD), and the development of PD and related synucleinopa-
thies (32–37).
Early observations identified patients with GD and their

heterozygous relatives who developed parkinsonism manifes-
tations (33). Subsequently, multiple independent reports (38)
and an international multicenter study of over 5000 patients
and an equal number of controls, established that PD patients
are over five times more likely to carry a mutation inGBA (39).
Importantly, autopsy studies of Gaucher patients and carriers
with synucleinopathies reveal the presence of mutant GCase in
�-syn positive LBs, suggesting that a potential relationship
between the two proteins may contribute to PD pathogenesis
(40).
GCase is a 497-residue lysosomal hydrolase that catalyzes the

metabolism of the glycolipid glucosylceramide to ceramide and
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glucose (41). GD results from deficient GCase, because of inac-
tivity, misfolding, and/or failure of the enzyme to reach the
lysosome, leading to the accumulation of glucosylceramide
(41). Approximately 300 different GBA mutations have been
identified, although several distinct mutations are more fre-
quent (42, 43). There are three types of GD, with type 1
accounting for the majority of the affected individuals (41).
Types 2 and 3 are the acute and sub-acute neuronopathic
forms, respectively.

�-Syn is predominantly degraded by lysosomes, in part by
chaperone-mediated autophagy (24, 26, 44). It also has been
shown that protein turnover is slowed in mouse models of lys-
osomal storage diseases (45). Therefore, it is reasonable to
question whether there could be a link between �-syn clear-
ance and GCase levels within lysosomes. Indeed, one
hypothesis suggests that when mutated, GCase may contrib-
ute to aberrant �-syn aggregation and increase intracellular
levels of the protein (46, 47). Conversely, it has been pro-
posed that impaired ceramide metabolism triggers cell death
(47, 48). For example, LBs may be a cellular response to
altered ceramide concentration. Though there is no current
consensus as to whether and how enzyme or lipid mediates
cytotoxicity, experimental evidence implicates both GCase
and ceramide, prompting detailed biochemical and biophys-
ical studies on protein-protein/lipid interactions, as well as
solution conditions that impact �-syn conformation and
aggregation.
Here, we explored the possibility of a physical linkage

between�-syn andGCase using fluorescence and nuclearmag-
netic resonance (NMR) spectroscopy, as well as verification by
immunoprecipitation (IP) and immunofluorescence studies.
We determined that the two soluble proteins associate selec-
tively under lysosomal solution conditions, reflecting themilieu
of the acidic organelle where both proteins are found. We
mapped the site of interaction specifically to the C-terminal
region of �-syn.

EXPERIMENTAL PROCEDURES

Protein Expression and Sample Preparation—The WT
human �-syn plasmid (pRK172) was provided by M. Goedert
(Medical Council Research Laboratory of Molecular Biology,
Cambridge, UK) (49). Single cysteine mutants (G7C and
Y136C) were generated using the Quick-Change site-di-
rected mutagenesis kit (Stratagene) and verified by DNA
sequencing. Protein was expressed and purified as previously
described (50, 51). For a 1-liter culture, isotopically (13C/
15N) enrichedWT �-synwas produced by growingEscherichia
coli BL21(DE3)pLysS in M9 medium supplemented with
[13C]glucose (2 g) and 15NH4Cl (1 g). Imiglucerase, purified
recombinant GCase, was obtained from Genzyme Corp. and
N370S GCase was a generous gift from Dr. Timothy Edmonds
(Genzyme Corp.). All samples were exchanged and concen-
trated into appropriate buffer (50 mM MES, 100 mM NaCl, pH
5.5 or 50 mM sodium phosphate, 100 mM NaCl, pH 7.4) before
fluorescence and NMR experiments.

�-Syn Labeling—Dns-labeled proteins were prepared and
purified as previously described (17). After dithiothreitol
(DTT) reduction, Cys-containing �-syn was reacted with a 1.5-

molar excess of the Dns-precursor (5-((((2-iodoacetyl)amino)-
ethyl)amino) naphthalene-1-sulfonic acid in dimethyl sulfoxide
(DMSO, volume � 2% (v/v)), Invitrogen) in 50 mM 4-(2-hy-
droxyethyl)-1-piperazine ethane sulfonic acid (HEPES) pH 8.0
buffer containing 4 M guanidinium HCl (99% pure grade, USB
Corporation) and gently stirred in the dark at room tempera-
ture for 4 h. To stop the labeling reaction, DTT (20 mM) was
added. Dns-�-syn was purified by anionic-exchange chroma-
tography (MonoQ column, GE Healthcare). Protein molecular
weights were confirmed by ESI-MS (Biochemistry Core Facil-
ity, NHLBI). Protein concentrations were determined using a
molar absorptivity �(336 nm) � 5700 M�1 cm�1 (Dns).
Fluorescence Spectroscopy—Fluorescence spectra were mea-

sured using Fluorolog-3 spectrofluorimeter (HORIBA Jobin
Yvon Inc.) and conducted at 25 °C using a temperature con-
trolled cuvette holder. GCase titrations were performed in pH
5.5 buffer (50mMMESwith increasing concentrations of 25, 75,
or 100 mM NaCl). Concentrated GCase stocks were serially
diluted (from 41 to 1 �M) while maintaining [Dns136-�-syn] �
1.3 �M. Dns-�-syn was excited at 340 nm and emission was
monitored from 405 to 650 nm.
A stock solution of conduritol-�-epoxide (CBE, Biomol

Research Labs, 50 mM dissolved in DMSO) was added to 46 �M

GCase solution (50 mM MES, 100 mM NaCl, pH 5.5) to a final
concentration of 46 �M. The final DMSO concentration in
solution is � 0.1% (v/v). The complex (CBE-GCase) was incu-
bated at room temperature for 1 h prior to fluorescence
measurements.
Intrinsic GCase Trp fluorescence was excited at 295 nm and

monitored from 300 to 600 nm for Förster energy transfer
measurements. Concentrated Dns136-�-syn stocks were seri-
ally diluted (3–0.5�M) in the presence ofGCase (3�M in 50mM

MES, 100 mM NaCl, pH 5.5).
Data Analysis—Mean spectral wavelength, ���, was calcu-

lated according to Equation 1,

��� �

�
i

Ii�i

�
i

Ii

(Eq. 1)

where Ii and �i are the emission intensity and wavelength,
respectively, for i � 405–650 nm. To normalize the data, we
calculated the fractional change,����, according to Equation 2,

���� �
��i� � ��0�

��end� � ��0�
(Eq. 2)

where ��i�, ��0�, and ��end� are mean wavelengths deter-
mined for the different [GCase], in the absence of GCase, and
the saturation value (502 nm) determined for the low salt con-
centration ���(25 mMNaCl). Estimation of apparent dissoci-
ation constants (Kd(App)) were extracted for a simple two-state
model (50).Whereas there are many other possible models one
can consider, we choose the simplestmodel becausemore com-
plexmodels (i.e.multiple binding sites and different stoichiom-
etry) did not significantly improve the fits; though at this time,
we also cannot rule them out. Because at higher salt (100 mM

NaCl) and for N370S and CBE-treated GCase, weaker binding
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was observed, we included a nonspecific binding term (NS), and
data were fit according to Equation 3,

���(GCase)� �
1

2a
�b � �b2 � 4ac� 	 NSc (Eq. 3)

where ���(GCase)� is the fractional change of mean wave-
length in the presence of GCase, a is [�-syn]o, b is
[�-syn]o�[GCase]�Kd(app) and c is [GCase]. Data fitting were
performed using IGOR Pro 6.01 (Wavemetrics).
Immunoprecipitation—50–100 mg of frozen autopsy brain

samples obtained from the NIH Clinical Center Department of
Pathology were used, including a subject with PDwithoutGBA
mutations (WT/WT), a GD carrier with PD (N370S/WT), a
subject with GD and PD (N370S/N370S), and a subject with
type 2GD (L444P/IVS2� 1).Multiple samples (n� 3) from the
same tissue were analyzed. Samples were homogenized in 5	
volume lysis buffer (containing 20 mM MES, 320 mM sucrose,
7.7mM sodium azide, 5mMEDTA, 0.1%Tween at either pH 5.5
or 7.4) and centrifuged at 3000 	 g for 20 min at 4 °C. To avoid
nonspecific binding, the supernatant was preincubated with 50
�l of �MACS protein G microbeads (Miltenyu Biotec) for 2 h
and loaded on a MACS separation column. The flow-through
homogenate was incubated with an antibody to �-syn (cata-
logue No. ab21976, Abcam) for 6–8 h. 100 �l of �MACS pro-
tein G microbeads was added before loading on a MACS sepa-
ration column. Following five washes using 200 �l of wash
buffer (either pH 5.5 or 7.4 containing 50 mM MES, 150 mM

NaCl, 0.5% CHAPS, 0.1% SDS), bound proteins were eluted
using 1	 LDS buffer (Invitrogen) containing 100mMDTT, and
boiled at 95 °C for 10 min. Co-immunoprecipitated proteins
were separated by SDS-PAGE on 4–12% bis-tris acrylamide
gels (Invitrogen). The immunoprecipitation was repeated three
different times with highly consistent results.
Immunoblotting—Samples separated by SDS-PAGE were

transferred to nitrocellulose membranes (iBlot PVDF, Invitro-
gen). Blots were blocked in phosphate-buffered saline solution
containing 0.1%Tween-20 (Sigma) and 10% fat-freemilk for 1 h
at RT and incubated in blocking buffer containing primary anti-
body (�-syn 1:1000, catalogue no.610787, BD Transduction
and GCase 1:15000, custom-made polyclonal antibody) over-
night at 4 °C. Membranes were washed three times for 10 min,
incubated in blocking buffer containing horseradish peroxi-
dase-conjugated secondary antibody (1:3000, KPL Inc.) for 1 h
at room temperature, and developed using enhanced chemilu-
minescence (ECL Plus, GE Healthcare).
Immunofluorescence and Laser Scanning Confocal Micro-

scopy—The M17 neuroblastoma cell line overexpressing wild-
type �-syn (52) was transfected with pTracer-SV40 (Invitro-
gen) vector expressing the full-length wild-type GCase cDNA
using Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s guidelines. Selection for transfected cells was done by
Zeocin (Invitrogen) treatment for 3 weeks. Cells were grown to
60% confluency in Lab-Tek 4 chamber slides (Fisher Scientific),
fixed in 3% paraformaldehyde, permeabilized with 0.1% Tri-
ton-X for 10 min and blocked in PBS containing 0.1% saponin,
100 �M glycine, 0.1% BSA, and 2% donkey serum. Incubation
with goat-polyclonal cathepsin D (1:50, R&D Systems), rabbit

polyclonal anti-GCase (R386) (1:500), and mouse monoclonal
�-syn (LB509, 1:100, Abcam) for 2 h followed at RT. Cells were
washed, incubated with secondary donkey anti-goat, anti-
mouse, or anti-rabbit antibodies conjugated to ALEXA-488,
ALEXA-555, or ALEXA-647, respectively (Invitrogen), rinsed,
and mounted in VectaShield with DAPI (Vector Laboratories).
Cells were imaged with a Zeiss 510META confocal laser-scan-
ning microscope using an Argon ion (458, 477, 488, 514 nm, 30
mW), a HeNe (543 nm, 1 mW) and a HeNe (633 nm) laser.
Images were acquired using a Plan Apochromat 63	/1.4 oil
DIC objective.
NMR Spectroscopy—15NHSQC spectra were acquired on an

800 MHz Bruker spectrometer with cryoprobe at 15 °C at pH
5.5 and pH 7.4 in the same buffers used for fluorescence mea-
surements with 100 mM NaCl. Backbone assignments of 13C/
15N labeled �-syn were done by standard procedures using
HNCACB andCBCACONHexperiments at pH 6.4. Additional
15N HSQC spectra were acquired at pH 6.0 and 7.0, and the
backbone amide assignments extrapolated to pH 5.5 and 7.4.
Spectra were processed and analyzed using NMRPipe (53).
While significant peak broadening occurred due to�-syn inter-
action with GCase, roughly doubling the 1H linewidth for
affected peaks, no chemical shift changes greater than 0.02 ppm
were observed.
Molecular Modeling—pKa values for GCase were predicted

using PROPKA 2.0 (54). A peptide consisting of residues 115–
140 of �-syn was docked interactively and minimized using
Maestro/MacroModel (Schrödinger Inc.) toGCase x-ray struc-
ture (PDB ID-3GXM, chainC). The peptidewas dockedwith its
C terminus near loop 1 (GCase residues 311–319). Three con-
served histidines at the GCase surface are predicted to be neu-
tral at pH 7.4 and positively charged at pH 5.5. The N terminus
of the peptide was docked near His-223 and His-273, while the
middle of the peptide lies nearHis-328. The three histidines are
present in all mammalian GCase sequences and surface-ex-
posed (55). The catalytic glutamate Glu-235 is predicted by
PROPKA 2.0 to become protonated at lysosomal pH in the
majority of GCase x-ray structures, consistent with previous
predictions (56). The figures were made using PyMOL and
Maestro.

RESULTS

Site-specific Fluorescent Probe of �-Syn-GCase Interaction—
We hypothesized that if an electrostatic interaction occurs
between GCase (pI 
7.4) and �-syn (pI 
4.7), it would involve
the acidic �-syn C-terminal region (100–140), which contains
14 carboxylate side chains. An environmentally sensitive, dan-
syl (Dns) fluorophore (57) was covalently attached to a single-
Cys �-synmutant (Y136C) (Fig. 1A) and binding was examined
at both cytosolic (7.4) and lysosomal (5.5) pH. As �-syn is
intrinsically disordered (58), the Dns fluorophore exhibits sim-
ilar spectroscopic properties independent of solution pH (mean
wavelength, ��� 
524 nm), consistent with a fully solvent-
exposed probe (��� 
529 nm measured for model complex,
N-acetyl-Dns-cysteine). However, upon the addition of GCase
at pH 5.5, the �-syn-GCase interaction dramatically alters
Dns136 fluorescence, with 
 2-fold intensity (I) increase and
spectral blue shift (
20 nm, ��� � 5243 506 nm) (Fig. 1B).
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In contrast, insignificant changes were observed (�I � 2%,
��� unchanged) at pH 7.4, suggesting minimal binding (sup-
plemental Fig. S1).
As �-syn binds to the enzyme, residue 136 is sequestered

from the aqueous to a more hydrophobic surrounding, as indi-
cated by the spectral blue shift. An estimated dissociation con-
stant,Kd
 22(2)�M (50mMMES, 100mMNaCl, pH5.5, 25 °C),
was obtained by fitting the titration curve from ��� to a two-
state bindingmodel (�-syn-GCase%�-syn�GCase) (Fig. 1C).
To assess the complex formation from the perspective of
GCase, we exploited its twelve intrinsic Trp residues as Förster
energy transfer donors and Dns136 as the acceptor. Because of
the favorable spectral overlap of Trp fluorescence and Dns
absorption, energy transfer should occur when the Dns fluoro-
phore is sufficiently close (intermolecular distance 
11–33 Å;
Förster distance, Ro 
22 Å (57)) to any of the 12 Trp. As antic-
ipated, Trp and Dns fluorescence decreases and increases,
respectively, upon protein-enzyme interaction at pH 5.5 in the
presence of 100 mM NaCl (supplemental Fig. S2). Whereas the
presence of multiple donors prohibited explicit distance deter-
mination, an �-syn-GCase association was confirmed.
Probing the effect of ionic strength (100mM to 25mMNaCl),

we found the interactions were markedly enhanced (Kd de-
creased from 22(2) to 1.2(1) �M) as evidenced by the lower
amount ofGCase required to induce a spectral shift, supporting
the role of electrostatics in complex formation (Fig. 1C). An
N-terminal Dns7 variant established that this binding was spe-
cific to the C terminus, as negligible spectroscopic changes
(�I � 2%, ��� unchanged) were observed under comparable
solution conditions (supplemental Fig. S3).
The Effect of N370S and Inhibitor-bound GCase on Complex

Formation—N370S, a commonGDmutation found in up to 4%
of the Ashkenazi Jewish population (47), renders the enzyme
catalytically compromised. As this mutation has clearly been
associated with an increased PD risk (39), we examined the
effect of N370S on the �-syn-GCase complex formation. Our
titration data show that �-syn has a reduced affinity for N370S
GCase (Kd 
 45(4) compared with 22(2) �M for WT, Fig. 2).
TheN370Smutation altersGCase structure near the active site,

as characterized by x-ray crystallography (59). Interestingly,
x-ray studies have shown that GCase bound to the inhibitor,
conduritol-�-epoxide (CBE) (60), adopts a similar active site
conformation, and based on our N370S result, we predicted
weaker protein-protein interaction in the presence of CBE.
Indeed,�-syn binds to CBE-boundGCase with an affinity com-
parable to the N370S mutant (Kd 
49(7) �M, Fig. 2). These
results suggest that�-syn could bind near theGCase active site.
NMR Identifies the �-Syn C-terminal Residues as the Site of

Interaction with GCase—To map this intermolecular interac-
tion in detail, we isotopically labeled �-syn for NMR spectros-
copy. The 15N HSQC NMR spectrum provided a residue-by-
residue characterization by monitoring all backbone amide
hydrogen and nitrogen resonances for each non-proline resi-
due (Fig. 3A). The backbone amide intensity was reduced over
5-fold for residues 118–137 in the presence of GCase, com-
pared with �-syn alone (Fig. 3B). No significant reduction was
observed for the N-terminal residues, in accord with the fluo-
rescence results. Interaction of theC-terminal residues of�-syn
with the 60 kDa enzyme greatly slows their effective molecular
tumbling rates leading to reduced signal intensities. This region
contains eight acidic residues (Asp-119, Asp-121, Glu-123,

FIGURE 1. �-Syn-GCase interactions probed by Dns fluorescence. A, primary sequence of �-syn and structure of Dns fluorophore. The membrane binding
region (1–100) and Cys-labeling sites used in this study (7 and 136) are indicated. B, fluorescence spectroscopic changes of Dns136-�-syn (1.3 �M) as a function
of added GCase (up to 41 �M, gray scale) in 50 mM MES, 100 mM NaCl, pH 5.5 buffer. C, �-Syn-GCase titration curves with decreasing ionic strength (100 mM NaCl
(F), 75 mM (f), and 25 mM (Œ)) obtained from mean spectral wavelength (���) at pH 5.5. Left and right axes denote normalized (����) and absolute (���)
wavelength changes, respectively. Error bars indicate standard deviations for at least two independent measurements. Fits are shown as solid lines.

FIGURE 2. Titration curves of N370S (‚) and CBE-treated GCase (�)
obtained from mean spectral wavelength (<�>) of Dns136-�-syn at pH
5.5. For comparison, WT (F) data also are shown. Left and right axis
denotes normalized (����) and absolute (���) wavelength changes,
respectively. Error bars (comparable to symbol size) indicate standard devia-
tions for at least two independent measurements. Fits are shown as lines.
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Glu-126, Glu-130, Glu-131, Asp-135, and Glu-137) as well as
three tyrosines, thus providing both electrostatic and hydro-
phobic noncovalent contacts between the two proteins (Fig.
3B). Indeed, there are numerous positively charged side chains
(17 K and 11 R) on the GCase surface that can provide electro-
static contacts upon binding. No significant interaction was
seen at pH 7.4 (Fig. 3B and supplemental Fig. S4).
Verification of the �-Syn-GCase Interaction in Vivo—In vivo

interactions between the endogenous proteins were verified by
IP of GCase from brain autopsy samples. If GCase binds to
native �-syn under lysosomal solution conditions, a monoclo-
nal �-syn antibody can be used to co-precipitate GCase from
tissue homogenates at pH 5.5. We examined samples from a
patient with PD (PD control, GBA genotype: WT/WT), a GD
carrier with PD (N370S/WT), a PD patient with type 1 GD,

(N370S/N370S), and an infant with neuronopathic GD (with
minimal expression of GCase, L444P/IVS2 � 1) (Fig. 4A). IP of
a tissue homogenate from a PD patient was conducted without
�-syn antibody and used as a negative control.

GCase-positive bands were identified by Western blot anal-
ysis in the immunoprecipitated samples from the PD control
and carrier with PD. As expected, GCase was not present in the

FIGURE 3. 15N HSQC NMR spectra of �-syn. A, overlaid 15N HSQC spectra of
13C/15N labeled �-syn (40 �M, red) and in the presence of GCase (40 �M, black)
at pH 5.5. Residues undergoing significant intensity reduction are labeled. B,
plot of relative spectra intensity ratio (I/I0) of the �-syn-GCase (I) and �-syn
alone (I0) at neutral (7.4, gray) and acidic pH (5.5, black). The acidic C-terminal
�-syn sequence is shown for residues 101–140; residues colored in black,
experience the greatest reduction in intensity upon interaction (I/I0 � 0.2).
Eight carboxylic acids (D119, D121, E123, E126, E130, E131, D135, and E137) and
three Tyr (Y125, Y133, Y136) residues in this region are in bold and underlined,
respectively.

FIGURE 4. In vivo �-syn-GCase interaction. A, immunoprecipitation of
GCase with antibody to �-syn from brain autopsy samples at pH 5.5. Shown
are representative immunoblots repeated at least three times (left to right:
subject with PD (GBA genotype: WT/WT); GD carrier with PD (N370S/WT);
subject with GD and PD (N370S/N370S); negative control without primary
antibody (WT/WT); subject with type 2 GD with very deficient GCase (L444P/
IVS2 � 1)); respective lanes are total and immunoprecipitated (IP) samples;
top and bottom lanes were detected with antibodies to GCase and �-syn,
respectively. On Westerns probed with R386 rabbit polyclonal antibody,
GCase usually appears as two bands, corresponding to different glycosylated
forms. B–E, laser scanning confocal microscopy images of fixed M17 cells
overexpressing GCase and �-syn. Immunofluorescence staining for GCase (B),
�-syn (C), and the lysosomal marker, cathepsin-D (D). Co-localization of the
three markers (E) is found in small aggregates (arrows). Scale bar, 5 �m.
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type 2 patient with negligible GCase. A fainter band was seen in
the sample from the PD patient with type 1 GD compared with
the others, hinting that the mutation, N370S, might have an
effect on �-syn binding, as observed in the recombinant pro-
teins. In accord with the pH-dependent fluorescence data, no
enzyme was detected when IP was performed at pH 7.4 (sup-
plemental Fig. S5), suggesting that the two human proteins
interact selectively at a lysosomal pH.
To explore the in vivo interaction further, we investigated the

intracellular localization of GCase and�-syn in a dopaminergic
human neuroblastoma BE(2)-M17 cell model where both
GCase and �-syn are stably overexpressed. Cultured cells were
characterized by laser scanning confocal microscopy. Cathep-
sin D (CatD), a mannose-6-phosphate dependent specific
marker of acidic lysosomal compartments (61), was used to
locate and visualize lysosomes. With immunofluorescence
staining, the microscopic images revealed that GCase (Fig. 4B)
co-localized with the CatD-positive lysosomes (Fig. 4D), indi-
cating that the overexpressed GCase is indeed trafficked cor-
rectly to the lysosomal compartments.
Co-localization ofGCase and�-syn (Fig. 4C) was observed in

distinct cellular inclusions (Fig. 4, B, C, E), which also stained
positive for CatD (Fig. 4,D, E), suggesting their close proximity
in the lysosomal compartment. We excluded the possibility of
antibody cross reactivity by individual staining of the three
above described markers, and ascertained that they showed
similar cellular localization patterns. Additionally, we per-
formed negative controls testing the specificity of secondary
antibodies in the absence of the primary antibodies. We found
no background staining at the laser settings used to acquire
images of the triple-labeled cells. These results suggest that
GCase and�-syn can co-localize in lysosomes in a neuronal cell
model.

DISCUSSION

Our study clearly shows that the lysosomal enzyme GCase
interacts with the C terminus of�-syn in a pH-dependentman-
ner. Specifically, we identified the residues 118–137 as the
binding site by NMR spectroscopy (Fig. 3). The formation of
this protein complex is enhanced by electrostatic interactions,
and its dissociation constant ranges from 1.2 to 22 �M in the
presence 25 to 100 mM NaCl, respectively (Fig. 1C). While a
micromolarKd value can be considered rathermodest, the neu-
ronal concentration of �-syn is predicted to be quite high,
between 70–140 �M (62). Thus, a biologically relevant interac-
tion with GCase at this strength is plausible.
The IP results (Fig. 4A), in accord with our data on the

recombinant proteins, demonstrate that the interaction
between human brain tissue derived �-syn and GCase is
observed at the acidic pH, but is lost, or not measurable, under
comparable experimental conditions at neutral pH typical of
the cytoplasm. Moreover, immunofluorescence imaging of
neuronal cell culture co-expressing the two proteins indicates
co-localization in the lysosome (Fig. 4E). Whereas our data do
not preclude protein-protein interactions in other cellular
milieux, we suggest that the lysosome is a primary site of inter-
action for �-syn and GCase.

The pH and ionic strength dependence of binding affinities
suggests a role for side chain protonation states at the intermo-
lecular interface. Only one �-syn residue, His-50 with a pKa of
6.8, changes its charge from pH 7.4 to 5.5 (Glu-126 has the next
closest pKa 
4.9 (63)); because His-50 is located distal to the
interacting region, we considered residues on the GCase sur-
face as potential sites responsible for the observed pH-depen-
dent binding behavior.
Seven surface histidines and one of the catalytic carboxylates

(56) are predicted by the PROPKA 2.0 program (54) to change
protonation states. Additionally, spectroscopic evidence indi-
cates that loop 1 (residues 311–319, Fig. 5A), located near the
catalytic cleft of GCase, has a pH-dependent structure (64). As
determined by x-ray crystallography, loop 1 is conformationally
labile at various pH (4.5–7.5), adopting a helical or extended
structure where hydrogen bonding can occur between residues
Trp-312 andAsn-370 (59). Taking these observations into con-
sideration, a model structure of the �-syn-GCase interaction
was generated with �-syn docked near loop 1, and near the
three most highly conserved surface histidines (His-223, His-
273, His-328) predicted to be charged at lysosomal pH (Fig. 5).
His-223 andHis-273 lie on the face of GCase opposite of loop 1,
and His-328 lies in between, in the cleft between the GCase
catalytic (TIM barrel) and C-terminal �-sheet domains.

In this model, the interacting C-terminal �-syn residues,
126–140, are situated near loop 1 in the groove between the
GCase C terminus �-sheet domain and the TIM barrel. Lining
this groove lie several charged surface residues, Lys-321, His-
328, Arg-329, Lys-346, Arg-433, Lys-441, and Arg-463, that
could provide electrostatic interactionswith negatively charged
residues, Glu-130, Glu-131, Asp-135, Glu-137, and Glu-139 of
�-syn. Interestingly, the three aforementioned Arg residues are
all sites of GD-related mutations (42). In the same region,
GCase residues Phe-316, Leu-317, Leu-436, and Val-437 could
provide hydrophobic contacts with �-syn tyrosine residues.
Additionally, we note that the Dns136 fluorophore would lie
near Trp-312 (
12Å) in the model, in accord with the fluores-
cence energy transfer result; because GCase has 11 other Trp
residues, other model structures consistent with this experi-
mental datum are possible. Nevertheless, the model provides a
possible explanation for the weaker binding observed for

FIGURE 5. �-Syn-GCase interaction model. View of loop 1 (residues 311–
319) and critical residues: A, WT: shows loop 1 in the �-turn structure (PDB
code: 3GXM) and B, N370S: loop 1 in the extended structure (PDB code: 3KE0).
The two catalytic glutamates, E235 and E340, are indicated. In the �-turn,
D315 is buried, while in the extended conformation, D315 is partially exposed.
W312 and Y313 are shown hydrogen-bonded to N370 (A) and E235 (B), respec-
tively. Also shown is H328, a conserved surface histidine predicted to change
charge at lysosomal pH. A model of the bound C-terminal residues of �-syn is
depicted by the red ribbon, contacting loop 1 and H328 in the cleft region
between the TIM barrel and C-terminal �-sheet domains of GCase.
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N370S and CBE-bound GCase. In both N370S and CBE-bound
structures, loop 1 is observed in the extended structure (Fig. 5B)
(59, 60) with residue Asp-315 partially surface-exposed,
whereas this residue is buried in the WT structure. Thus, elec-
trostatic repulsion between Asp-315 and the acidic �-syn
C-terminal residues could lead to the observed weaker binding.
While this is only one of themany potentialmodels of an�-syn-
GCase complex, it does provide molecular insights into the dif-
ferences in binding affinities between N370S or CBE-bound
and WT GCase.
Over 30 proteins are reported to interact with �-syn, impli-

cating this protein in many possible functional roles (4). We
suggest a new putative biological role for�-syn in the lysosome,
as an auxiliary protein to GCase. Experimentally, it is known
that the first 95 residues of �-syn can associate extensively with
membrane surfaces, while the C-terminal residues, including
those that interact with GCase, remain solvent exposed and
flexible (65–68). Thus, the�-synC terminuswould be available
for enzyme binding andmay help recruit GCase to membranes
of intra-lysosomal vesicles (Fig. 6). However, our results do not
preclude �-syn interactions with other lysosomal proteins,
though no interactions were found between �-syn and saposin
C, a membrane-associated (69, 70) lysosomal GCase-activating
protein (71) under similar solution conditions (supplemental
Fig. S6).
GCase is involved in the degradation pathways of ganglio-

sides, which all have glucocerebroside as their base structure.
Several studies show that �-syn preferentially interacts with
membranes composed of acidic lipids (72), including those
enriched with gangliosides (73–75). While this scheme clearly
needs to be validated, this noncovalent interaction provides the
groundwork for exploring possible mechanisms linking PD
with GD mutant alleles.
Because the lysosome plays an important role in protein deg-

radation, this newly identified interaction between �-syn and
GCase can potentially influence �-syn homeostasis in neurons.
Taken together with the genetic connection between GD and

PD, the results imply that an altered�-syn-GCase interaction in
the lysosome could perturb this equilibrium and set the stage
for PD progression.
Mutations in GCase can lead to the absence of the enzyme,

unstable enzyme targeted for proteasomal degradation, or sta-
ble enzyme with reduced activity (76, 77); all of which are asso-
ciated with an increased risk of PD (39). Both loss- and gain-of-
function theories have been proposed (22, 47). It has been
postulated that the alteration in glucosylceramide/ceramide
metabolism as a result of GCase deficiency may influence the
sphingolipid composition ofmembranes, leading to the disrup-
tion of �-synmembrane binding, and hence, enhance its aggre-
gation in the cytoplasm. However, this theory alone is insuffi-
cient to explain whyGD carriers also are likely to develop PD. It
has also been proposed that misfolded and accumulated
mutant enzymes could contribute to pathogenesis by either
impairing lysosomal function, or overwhelming the ubiquitin-
proteosomal degradation pathway. In this scenario, disruption
in mechanisms essential for degradation could result in the
imbalance of �-syn proteostasis and consequently promote its
aggregation.
Alternately, the interaction of �-syn with wild-type enzyme

could have a beneficial effect by promoting lysosomal degrada-
tion of �-syn, or inhibiting adverse �-syn aggregation. Thus,
mutations that decrease the amount of enzyme reaching the
lysosome or weaken the interaction, as seen with the N370S
mutant, could reduce this benefit and increase the probability
of dysfunction. We also observed weakened interaction with
GCase bound to the inhibitor CBE. A recent study showed that
treatment with CBE increased �-syn levels in mice and neuro-
blastoma cells (46), which further supports the hypothesis that
a weakened GCase interaction can result in reduced lysosomal
�-syn degradation. However since only a minority of Gaucher
patients and carriers develop PD, other factorsmediating�-syn
levels and aggregation must also be involved. Future in vivo as
well as in vitro experiments, including studies of mutated
GCase and of the effect of �-syn-GCase interaction on enzyme
activity and �-syn amyloid formation, will further elucidate the
mechanisms responsible for the increased PD risk observed,
and provide insights into relevant therapeutic strategies.
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